We have investigated the formation of scanning tunneling microscopy ͑STM͒ atomically resolved images of the Fe͑001͒-p͑1 ϫ 1͒O surface. The latter is characterized by a high in-plane symmetry for both oxygen and iron atoms, thus representing a very appealing template for understanding how to distinguish between oxygen and metal atoms in STM images of an oxidized metal surface. We report on the occurrence of a corrugation reversal as a function of the tip-sample distance, and we use the conclusions of such an investigation for interpreting the experimental images of an oxygen vacancy created on the surface. Our experimental work, supported by ab initio density-functional theory calculations, allows us to assess the fundamental role of the local potential barrier in determining the STM image formation.
I. INTRODUCTION
The surfaces of metal oxides and the interfaces between metal and oxide thin films are fundamental components of layered magnetic structures, 1 with promising implications on the realization of future magnetic nanodevices. In order to explore the properties of such systems at atomic scales, suitable experimental and theoretical approaches are needed. From the experimental point of view, the scanning tunneling microscopy ͑STM͒ is one of the most significant techniques in this sense. As an example, the understanding of the mechanisms that drive the oxidation processes of metal surfaces at the atomic scale can also require the identification of the active sites for reactions. 2, 3 The latter are often related to surface defects such as vacancies and adsorbed atoms or molecules. 4, 5 It is therefore important to be able to precisely interpret the atomically resolved features observed in the STM images. This means, for instance, assigning such features, as seen on the oxidized metal surface, either to metal or oxygen atoms. This task can be extremely challenging, as both surface geometry and electronic structure compete in the formation of the STM topographic profile. This competition, and in some cases also the influence of the STM tip, is known to induce image inversion effects, so that O adsorbates can appear as either protrusions or depressions on account of the measurement conditions. [6] [7] [8] [9] In order to single out the role of each contribution in the formation of the STM image, a comparison with simulated images, calculated on the basis of suitable theoretical approaches, is eventually required.
In this paper we explore the topographical details, as seen by STM, of the Fe͑001͒-p͑1 ϫ 1͒O surface. This system is obtained through the well ordered chemisorption of a single atomic layer of oxygen on the Fe͑001͒ surface. The adsorbed O atoms settle in the fourfold symmetric hollow sites of the surface square cells, standing in a higher position with respect to the first Fe layer. 10 This symmetrical arrangement is accompanied by an adsorption induced surface relaxation. This leads to an equilibrium geometry characterized by an expansion of the first interlayer spacing of the Fe͑001͒ substrate of about 10%. 11, 12 On this surface, both oxygen and iron atoms are distributed with the same in-plane symmetry, so that the identification of the atomically resolved features by STM cannot be straightforward. This peculiar system can indeed represent a very interesting workbench for exploring the role that factors such as the local density of states at the surface, and the decaying behavior of the electronic wave functions toward the vacuum play, in competition with the bare geometrical structure, for the determination of the STM image formation. We then focus our attention on one particular kind of defect seen on the Fe͑001͒-p͑1 ϫ 1͒O surface, namely, an oxygen vacancy, and analyze its topographical features as imaged by the STM. We compare all of the STM experimental results with theoretical predictions based on firstprinciples density-functional theory ͑DFT͒ calculations of the surface electronic structure. Such predictions allow us to emphasize the role of the local potential barrier in determining the STM image formation.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
The pristine Fe͑001͒ substrate is a Fe film ͑about 100 nm thick͒ epitaxially grown in ultrahigh vacuum ͑UHV͒ conditions on top of a MgO͑001͒ substrate. 13 The Fe͑001͒-p͑1 ϫ 1͒O surface is then obtained by exposure to 30 L of pure O 2 , followed by a flash heating at 900 K, as previously reported. 14, 15 The STM measurements have been performed using an Omicron Variable Temperature STM in a UHV chamber connected to the preparation system. STM images have been acquired at room temperature in constant current mode with home-made electrochemically etched W tips.
In performing first-principles simulations, the Fe surface has been modeled by a slab composed of five Fe layers and O atoms adsorbed on both sides, in a periodically repeated supercell. Atomic coordinates of all atoms but the inner three Fe layers ͑fixed at the bulk spacing͒ have been obtained via optimization of the total energy of the system. All the results have been obtained within the generalized gradient approximation for the exchange and correlation functional as proposed by Perdew, Burke, and Ernzerhof ͑GGA-PBE͒, 16 taking into account the spin polarization. The plane-wave ultrasoft pseudopotential method 17 was used as implemented in the PWSCF code of the Quantum-ESPRESSO distribution. 18 The pseudopotentials have been derived from scalarrelativistic all-electron atomic calculations. Fe 20 and by evaluating a constant density surface in the vacuum region. 21, 22 A Gaussian spatial broadening of 1 Å was finally applied to mimic finite experimental resolution. It must be noted that this approximation does not consider the perturbation induced on the surface by the STM tip nor its spectral structure.
III. RESULTS
Spectroscopic and topographic characterizations of the pristine Fe͑001͒ surface have revealed that the electronic states close to E F are dominated by a surface state located at +0.17 eV ͑Ref. 23͒ and that the surface corrugation is extremely small, with average values below 2 pm. 8 Both situations change dramatically when considering the Fe͑001͒-p͑1 ϫ 1͒O surface.
For what concerns the spectroscopic features we have shown, by using STS, that the surface states close to E F are characterized by two features located at about 0.5 eV below E F and 0.9 eV above E F . 24 The theoretical approach used in the present work provides equivalent results, in terms of k ʈ -integrated electronic properties, as our previous study ͑based on the embedding approach with LAPW basis sets, see Ref. 24͒, additionally allowing for structural relaxations and for the simulation of O vacancies in larger surface unit cells. The computed vertical expansion of the first iron-iron spacing of the Fe͑001͒-p͑1 ϫ 1͒O surface results to be ⌬d Fe-Fe = 15% of the bulk spacing, and the distance between the oxygen and surface iron planes amounts to d O-Fe = 0.44 Å; these values are practically identical to recent computed ones ͑16% and 0.45 Å, respectively 25 ͒ and in much better agreement with experimental values ͓⌬d Fe-Fe =8Ϯ 3% ͑Ref. 11͒ and 11Ϯ 3%, From the point of view of topographic features, the average surface corrugation of the Fe͑001͒-p͑1 ϫ 1͒O surface noticeably increases, with respect to the clean Fe͑001͒ surface, with average values up to 30 pm. Moreover we observe, for different I-V set points, corresponding to different tip-sample distances, a corrugation reversal consisting of either oxygen atoms or iron atoms observed in the STM images, as described below.
A. Evidence of a corrugation reversal
In order to study a possible corrugation reversal as a function of the STM set points, it is essential to have a reference position, that can be located on a surface defect. The asgrown Fe͑001͒-p͑1 ϫ 1͒O surface is usually very clean, flat ͑on a scale of tens of nm͒ and free of defects. It has thus been necessary to induce some kind of defects on the surface. This has been done by applying a short ͑few seconds͒ 1.5 kV Ar + ion sputtering pulse. One can expect that a defect will consist of either a simple oxygen vacancy or a more complicated structure, resulting from a local redistribution of the atoms. Figure 1 reports atomic corrugation images of the Fe͑001͒-p͑1 ϫ 1͒O surface taken at a constant sample bias V b = 0.1 V and at different current set points, with the tunneling current I equal to 0.5, 1.5, 5, and 10 nA, from the lower to the upper image, respectively. The tip-sample distance varies correspondingly, from larger to smaller distances, with increasing current set points. We have estimated this distance as discussed in Ref. 24 : it results to vary from about 5 Å for I = 10 nA to slightly less than 7 Å for I = 0.5 nA.
For each of the images reported in Fig. 1 we have drawn a horizontal line profile passing through the defect center ͑the horizontal lines are not shown in Fig. 1͒ . The profiles are collected in Fig. 2 , where the center of the defect has been chosen as the origin of the horizontal position for each profile. By inspecting Fig. 2 as regards displacements larger than 2 unit cells from the defect center, one has an immediate evidence of an inversion between peaks, corresponding to protrusions in the images, and valleys, corresponding to depressions, when comparing the I = 0.5 nA and I = 1.5 nA with the I = 5 nA and I = 10 nA cases, respectively. Such an inversion can be evidenced also by inspecting the images reported in Fig. 1 , which have all been aligned along the ͓010͔ direction, by keeping the center of the defect on the same vertical line. The vertical lines can help to observe that rows of protrusions in the two upper images ͑I = 5 nA and I =10 nA͒ correspond to dim rows in the two lower images ͑I = 0.5 nA and I = 1.5 nA͒. The known surface symmetry and unit cell eventually allow to identify this change in the atomic scale corrugation as either oxygen only or iron only atoms imaged in the two cases. This kind of corrugation reversal refers therefore to the distinct kind of atoms that are imaged by the STM with different experimental set points. A strong modification of the brightness levels is seen also on the defect itself. The topography of the defect will be discussed in Sec. III B.
We underline that the above results are not dependent on the bias condition, in particular on the sign of the tip-sample bias, provided its absolute value is small, typically below 100 meV. The use of larger biases generally resulted in less stable measurements with a worse resolution, so that they have not proved to be useful in determining the occurrence of a corrugation reversal A first, semiquantitative analysis of the corrugation reversal mechanism can be based on the observation that a charge transfer occurs between the surface Fe and O atoms, the latter being negatively charged. As a consequence, the electrostatic potential acting on the electrons outside the surface is lower on top of Fe than on top of O atoms ͑solid and dashed lines in Fig. 3 , respectively͒. We remark that such a potential has been evaluated by considering the actual optimized positions of both O and Fe atoms at the surface. The difference in the potential suggests that the electronic wave functions decay in the vacuum ͑z direction͒ more slowly when moving outward above the position of the iron atoms, compared to moving above the position of the oxygen atoms ͑see the reference spots in the inset of Fig. 3͒ , therefore leading to the reversed corrugation at large distances. This qualitative and physically sound explanation is however not fully reproduced by our analysis based on DFT ͑see below͒.
Numerical simulations of the STM images have been performed at an average distance from the oxygen layer of about 2 Å. The use of either positive or negative small biases provided qualitatively identical images ͑see also Sec. II and Ref.
20͒. The results are equivalent to those obtained in our previous investigation 24 and are shown in the inset of Fig. 3 . At this distance the geometric contribution prevails and the bright spots correspond to the protruding oxygen atoms. This result should be compared with experimental data measured at high currents, hence sampling the surface at short distances.
To simulate the image at larger distances, an increased computational effort would be required ͑mainly, a larger basis set and a thicker slab͒. In principle, aiming to obtain the greatest deal of information from theoretical computations, this could still be afforded thanks to the small unit cell of the p͑1 ϫ 1͒ structure. On the other hand, the reliability of simulated images in such situations is limited by the fact that the exchange-correlation contribution to the total KS potential has been approximated by GGA, which is unsuited to capture the proper long-distance behavior. The corresponding results are reported here for the sake of completeness only: we could span a distance range up to 8 Å, where the electron density of states is 10 9 times smaller than the maximum value in the cell, and found that the simulated corrugation monotonically goes to zero with increasing distance, without ever reverting.
Finally, it is worth reminding that we do not consider the effects of the tip in the image formation. Nevertheless, we emphasize that the series of images shown in Fig. 1 could be repeatedly obtained, without significant modifications, by increasing or decreasing the tip-sample distance across the two atomic corrugation regimes. We can thus exclude that the corrugation reversal is due to a sudden irreversible alteration of the tip.
B. Defect characterization
We take now a closer look at the defect chosen as a reference for the investigation of the corrugation reversal, with the aim of understanding if our experimental and theoretical approaches allow to infer its nature. The topographic characteristics of this defect are best appreciated in the image taken at V b = 0.1 V and I = 5 nA. On account of the previous analysis, we assume to be close enough to the surface to have the geometrical contributions dominating over the electronic ones in determining the topographic image of the surface, as seen by STM. Therefore, the protrusions seen on the image, excluding the defect region, are assigned to oxygen atoms.
In order to simulate the defective surface, we make the assumption that the defect consists of an oxygen vacancy. This choice is supported by an inspection of Fig. 4 , which shows a blow up of the defect site and of its first neighbors, and by considering the surface preparation conditions mentioned above and the short tip-sample distance ͑high tunneling current regime͒. The defect, in particular, is centered on an oxygen site, involves a limited region, and presents a fourfold symmetry. Moreover we observe, by comparing different images of the same defect taken in the high current set point regime, and always making reference to the center of the defect, that both the first-and the second-neighbor protrusions are brighter than all of the other protrusions seen in the image.
In the simulation we have thus removed an oxygen atom from the perfect p͑1 ϫ 1͒ surface, on both sides of the slab, and relaxed the structure in a ͑4 ϫ 4͒ surface unit cell. Upon removal of the central oxygen atom, the four first-neighbors oxygen atoms relax in-plane toward the vacancy by 0.14 Å, with a negligible vertical displacement. The in-plane relaxation of the four in-plane first-neighbors Fe atoms amounts to 0.05 Å toward the vacancy and 0.06 Å in the vertical direction, reducing the separation from the inner Fe layer. The total energy of this relaxed surface is 0.26 eV lower with respect to the unrelaxed one. A snapshot of the geometric configuration is reported in Fig. 5 .
Using this configuration we computed the STM image as described in Sec. II; the result is reported in Fig. 6 . The average distance between the chosen isosurface and the oxygen layer is about 2 Å. This distance must be related to a measure obtained in a high current regime, as that reported in 4 . The main feature of the experimental results, i.e., the increased brightness of the O atoms close to the vacancy, is indeed nicely reproduced. It is worth to notice that, in the central region, the absence of the oxygen atom should require a shorter tip-surface distance to keep a fixed current. Possibly, the weak bright spot at the center of the defect shown in Fig. 4 , which is missing in the simulated image shown in Fig. 6 , could be due to the influence of the scanning tip. The overall good agreement between the two set of results suggests to actually identify the measured defect as due to an oxygen vacancy.
IV. DISCUSSION
On the basis of the experimental and theoretical results described in the previous sections, we now consider and discuss three main factors that can be taken into account to understand how the STM images of both the perfect and the defective Fe͑001͒-p͑1 ϫ 1͒O surface take shape.
The first and more intuitive factor is the geometrical configuration, which is often invoked to identify the brightest spots with the atoms located in the highest position with respect to the surface. In the present system, however, the presence of two atomic species suggests that this direct interpretation can easily be misleading. Moreover we have seen, when analyzing an oxygen vacancy, that the O atoms close to the defect, which experimentally appear to be brighter than the others in the image, are actually at the same distance from the surface as any of the others. We must therefore exclude that the geometrical arrangement of the oxygen atoms can be considered as the main reason for the experimental evidences.
A second contribution to be reckoned in is the charge distribution ͑or, more precisely, the local density of states in the proper energy interval close to E F ͒ on the different atoms present at the surface. By performing a Löwdin charge analysis, 27 we find that, in the perfect Fe͑001͒-p͑1 ϫ 1͒O surface, each oxygen atom holds an additional electron captured from the underlying Fe atoms. Upon removal of an oxygen atom, such an electron is shared between the five firstneighbors Fe atoms ͑four in the surface plane and one in the first layer below͒ and only a small fraction of the charge is distributed on the other O atoms. Moreover, we do not find significant differences in the local density of states at the atoms nearest to the vacancy, when compared to those on the perfect Fe͑001͒-p͑1 ϫ 1͒O surface. We conclude that the details of the charge distribution on the specific orbitals of the different species present at the surface, even if possibly modified upon the defect creation, have a negligible influence on the details of the image formation of the oxygen vacancy.
Finally, we discuss the role played by the decaying behavior toward the vacuum of the electronic wave functions involved, which is affected by the local potential barrier above the surface. A modification of such a barrier, caused either by oxygen adsorption, when passing from the pristine Fe ͑001͒ surface to the Fe͑001͒-p͑1 ϫ 1͒O surface, or by oxygen removal, when the vacancy is created, can in fact be responsible of either promoting or hindering the tunneling process to the STM tip. The contribution of the local potential barrier remains the only one that can play a role in the corrugation reversal previously discussed for the Fe͑001͒-p͑1 ϫ 1͒O surface. We remark that possible alterations of the surface potential barrier might in principle be induced also by the interaction with the STM tip, 8 whose effect has not been considered in our analysis. Nevertheless we note that, to explain the observed findings, such tip induced alterations should be more effective when the tip is farther from the surface than when it is closer, which seems a counterintuitive result.
It is therefore interesting to evaluate the variation of the potential acting on the electrons due to the creation of the O vacancy. To this purpose, we report in Fig. 7 the difference in the KS potential between the defective surface discussed in Sec. III B and the one obtained by reintroducing the removed O atom into the vacancy site. The dark shaded region ͑blue in the color version, ⌬V eff Ն +0.5 eV͒ around the vacancy site ͑i.e., in a region around the defect position of smaller extent than the atomic size͒ corresponds to an increase of the potential in presence of the vacancy, mostly due to the missing potential of the removed O atom, which is strongly negative close to the nucleus. On the contrary, in the less dark ͑red in the color version, ⌬V eff Ϸ −0.5 eV͒ symmetric lobes above the vacancy region the potential is lower and consequently the decay of the wave functions is slower. To be more intuitive, the latter regions represent preferential channels for the tunneling process. Thanks to the presence of these channels, the electron states on the O atoms closest to the vacancy can more easily extend away from the surface, therefore resulting in the increased brightness of the firstneighbor O atoms. On the other hand, in the vacancy position, the STM tip would be forced to come closer to the surface to succeed in coupling its electron states with those of the sample, there mainly located in the subsurface Fe atom.
As a final remark, we underline that one should not deduce, from the previous considerations, that the atomic configuration is irrelevant in determining the STM image formation, even though no significant O vertical displacements are FIG. 7 . ͑Color online͒ Difference in the effective KS potential between the Fe͑001͒-p͑1 ϫ 1͒O surface with the vacancy ͑i.e., in absence of the O potential, which is strongly negative close to the nucleus͒ and the same surface without the vacancy ͑indicated by a white cross͒. The small spheres represent the O atoms; the large spheres represent the Fe atoms in the first subsurface layer.
found upon the relaxation following the creation of the O vacancy. In fact we have verified, by further simulations, that the STM image obtained with an unrelaxed atomic configuration ͑not shown here͒ is much different from the one shown in Fig. 6 . Such an image actually shows a very pronounced bright spot on top of the vacancy, which overwhelms the other features, and does not reproduce the experimental evidence.
V. CONCLUSIONS
We have reported on an atomically resolved investigation of the Fe͑001͒-p͑1 ϫ 1͒O surface by STM. In particular, we have focused our attention on a corrugation reversal between oxygen only and iron only atoms seen on the surface, as a function of the tip-sample distance. Comparison between experimental images and first-principles calculations suggests that the observed phenomenology is due to the different local potential barrier on top of either O or Fe surface atoms. Based on this conclusion, we have analyzed an oxygen vacancy created on the surface, and have been able to produce a simulated image in fairly good agreement with the measurements. We believe that our study can represent a suitable general approach for the interpretation of STM images of oxidized metal surfaces where, in particular, the geometrical structure cannot be a support for the understanding of the experimental observations.
